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Microtubules contribute to diverse cellular processes through balancing dynamic, short-lived and
stable, long-lived populations. One way in which long-lived microtubules are marked is by post-
translational acetylation of a-tubulin by tubulin acetyltransferase (TAT). Szyk et al. now provide
insight into TAT’s mechanism of action and its unique time-stamping ability.Acetylation of the a-tubulin subunit of mi-
crotubules, first discovered in the flagella
of Chlamydomonas (L’Hernault and Rose-
nbaum, 1983), has been recognized for
about three decades, yet the process and
function of this posttranslational modifica-
tion are still not completely understood.
Acetylation of a-tubulin is important for
microtubule interactions with molecular
motors and is especially abundant on old
microtubules with slow dynamics that are
resistant to depolymerization and that pro-
vide stable cellular infrastructure. The
enzyme that is responsible for acetylation
in Chlamydomonas is tubulin acetyl trans-
ferase (TAT) (Greer et al., 1985; also called
MEC-17 in Tetrahymena and C. elegans
[Akella et al., 2010]). Surprisingly, the
a-tubulin target residue Lys40 has been
mapped to the lumen of the assembled
microtubule (Nogales et al., 1999), and the
acetylation of a-tubulin occurs after it has
assembled into microtubules. Although
some models for TAT action have been
suggested, the mechanism by which TAT
acetylates already formed, stable microtu-
bules is not well understood. In this issue
of Cell, the work by Szyk et al. enlists a va-
riety of techniques, including X-ray crystal-
lography, in vitro acetylation assays, math-
ematical modeling, and single-molecule
TIRF assays. Their work provides signifi-
cant new insights into the mechanism of
TAT function and explains how the enzy-
matic activity of TAT can act as a timer for
microtubule stability (Szyk et al., 2014).
To visualize the interaction of TAT with
its tubulin substrate, theauthorscocrystal-
lized TAT in complexwith bisubstrate ana-logs resembling acetyl-CoA and a peptide
mimic of the tubulin loopcontaining Lys40,
trapping TAT in a state that may resemble
its transition state. Surprisingly, the struc-
ture shows that the TAT catalytic site is
not optimized for acetyl transfer, allowing
only a very slow enzymatic rate. Although
a number of TAT residues stabilize sub-
strate binding and the general geometry
is favorable for the reaction to occur, the
chemistry is compromised due to the
lackof adedicatedgeneral base todeprot-
onate theattackingLys40sidechain,mak-
ingTATan inefficient enzyme. This conclu-
sion is also supported by the very slow
observed rates for tubulin acetylation of
0.4 hr1 with tubulin dimers as substrate
(Kormendi et al., 2012) and 1.2–1.6 hr1
when microtubules are the substrate.
One part of the puzzle of TAT function is
its ability to acetylate tubulin inside of the
microtubule lumen. Based in part on the
evenly distributed acetylation of microtu-
bules along their length, previous studies
have suggested that the loop containing
Lys40 is accessed by TAT from the
outsideof themicrotubule via anextended
catalytic arm and/or transient openings in
the microtubule lattice (Howes et al.,
2014). In the current work, the authors
argue that this scenario is unlikely for
several reasons: first, the TAT active site
is a concave pocket and as such could
not insert into the vertices formed at
tubulin junctions; second, lateral lattice in-
teractions,whichwould not bemaintained
at transient openings at vertices, are crit-
ical for TAT activity; and third, blocking
the microtubule surface with a microtu-Cell 1bule-associated protein (MAP) such as
doublecortin, which binds at the vertex of
four tubulin dimers, has no effect on the
acetylation rate. Furthermore, tethering
TAT to 1 mm diameter beads to block
TAT access to the microtubule lumen,
which is 15nm indiameter, significantly in-
hibits acetylation of microtubules, but not
of tubulin dimers. Together, these results
present a compelling case that TAT enters
microtubules though the ends and dif-
fuses inside of the microtubule lumen.
At first glance, this model appears to
conflictwith the observedevendistribution
of microtubule acetylation along the length
of microtubules, as one would expect that
acetylationwouldbeenrichedat themicro-
tubule ends, where TAT enters the lumen,
and decrease as a function of the distance
from the ends. Moreover, why is acetyla-
tion of young, less-stable microtubules
not observed? The answer to these crucial
questions is explained by the very slow
catalytic rate of TAT, relative to its rate of
diffusion inside of the microtubule. TAT
can enter the microtubule through each
end, perhaps guided by interactions with
the outside surface (Howes et al., 2014),
and diffuse quickly throughout the lumen
of even very long microtubules. Intralumi-
nal and extraluminal TAT concentrations
are thus predicted to equilibrate long
before acetylation occurs. The slow acety-
lation rate explains why only long/old mi-
crotubules aremodified; even though it en-
ters the microtubules quickly, TAT does
not have time to act on dynamically unsta-
ble microtubules before the lattice falls
apartand theenzyme is released (Figure1).57, June 5, 2014 ª2014 Elsevier Inc. 1255
Figure 1. Acetylation of Microtubules by TAT
Tubulin acetyl transferase (TAT) accesses the lumen of the microtubule via diffusion to acetylate the
lumen-facing target residue Lys40 in a-tubulin. Two features of the process are important: the rate of
acetylation lags the rate of diffusion by a considerable amount, and the diffusion rate is slowed three
orders of magnitude by nonspecific interactions of TAT with features of the luminal subunit lattice. The
sequence of events is as follows: (A) Depending on conditions, microtubule assembly occurs at rates of
several mm/min; assuming a rate of 2 mm/min, a 10 mmmicrotubule will assemble in about 5 min. (B) Once
assembled, TAT diffusion into the lumen occurs from both ends. (C) TAT achieves a random distribution as
it diffuses along the length of the microtubule at a rate that equilibrates the inside and outside concen-
trations of TAT in about 8 min. (D) Subsequently, acetylation of Lys40 (on average, one per enzyme
molecule every 38 min) occurs stochastically along the microtubule length. (E) If catastrophe occurs prior
to step (D), the microtubule disassembles and the TAT is released before acetylation can occur. Thus, the
relatively slow rate of acetylation by TAT means that dynamically unstable microtubules will not be
acetylated, whereas more stable microtubules will exhibit an even distribution of acetylation along their
length, with no preference for microtubule ends.In summary, the results presented by
Szyk et al. provide compelling evidence
that microtubule acetylation by TAT
occurs from the inside luminal surface1256 Cell 157, June 5, 2014 ª2014 Elsevier Inand that the slow catalytic activity of
TAT, in conjunction with the dynamic
nature of microtubules, assures that only
long-lived microtubules will be acety-c.lated. Despite these advances, two inter-
esting and related questions remain. First,
acetylation is associated with long-lived
microtubules in living cells, where it helps
in stability by promoting salt bridge for-
mation between adjacent protofilaments
(Cueva et al., 2012). Yet, the acetylation
rate is very slow relative to microtubule
assembly. What factor is stabilizing
microtubules initially, and how are some
microtubules, but not others, chosen for
enhanced stability so that they remain
assembled long enough for acetylation
of Lys40 to occur? Second, studies have
shown that mutations that block acetyla-
tion of Lys40 on a-tubulin affect the bind-
ing to and motility of kinesin-1 along
microtubules in vitro (Reed et al., 2006).
Although acetylation occurs on a residue
exposed only to the lumen of the microtu-
bule, this posttranslational modification
clearly has a broad effect on microtubule
structure. Therefore, it is important to
determine whether acetylation alters the
topology of the outer surface of themicro-
tubule lattice and thus the binding of other
proteins, e.g., kinesin and perhaps other
MAPs, that define the functional charac-
teristics of long-lived, acetylated microtu-
bules. Further work will be needed to fill
in additional pieces of this microtubule
puzzle.
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